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Mucus is a viscous slime that plays a vital role in protecting and lubricating biological tissues, in particular soft epithelium interfaces such as in the stomach, intestines and esophagus. Previous attempts to generate mucus models that mimick or simulate its characteristics have been predominantly focused on rheological properties. This study investigates both rheological and tribological shear properties of thin films of gastric mucus from a porcine source and its mimics at compliant soft interfaces. The lubricating efficacy of biological mucus and its mimics was observed to be superior at hydrophilic tribological interfaces compared to hydrophobic ones. Facile spreading of all mucus samples at hydrophilic steel-polydimethylsiloxane (PDMS) interfaces allowed for the retainment of the lubricating films over a wide range of speed, slide/roll ratio, and external load. In contrast, poor wetting at hydrophobic PDMS-PDMS interfaces led to depletion of the mucus samples from the interface with increasing speed. Among the different mucus models investigated in this study, fluid mixtures of commercially available porcine gastric mucin (PGM) and polyacrylic acid (PAA) displayed the most persistent lubricating effects under various tribological experimental conditions. A mixture of PGM and PAA holds a high potential as mucus mimic, not only for its rheological similarity, but for its excellent lubricity in soft compliant and hydrophilic contacts.
I. INTRODUCTION
Mucus is a biological hydrogel (ca. 95 wt.% water content) where amphiphilic and high molecular weight glycoproteins (MDa range) called mucins make up scaffold. 1 
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The physiological function of mucus in the digestive system of the stomach and intestines is known to protect the underlying tissues from pathogens and mechanical stress as well as lubricate the tissue surfaces. 1, 2 However, native mucus is difficult to obtain and its rheological properties vary according to individual batches and preparation details, and degrade with time, 3 which is a barrier for extensive research on mucus and its potential applications. Hence, developing mucus-like hydrogels with properties similar to native mucus is a compelling idea, and in fact various attempts to develop mucus models or mimics have been reported in literature. [3] [4] [5] [6] [7] Yet, these studies have predominantly focused on characterizing and mimicking the rheological properties of mucus, [4] [5] [6] [7] whereas similar studies on the lubricating properties are very rare to date. 8 Even though rheological properties are one of the key parameters affecting the lubricating properties of a fluid, the latter are further dependent on many other interfacial parameters such as wetting, morphological, chemical, and mechanical properties of the shearing surfaces. It should be noted that while the lubricating properties of dilute mucin solutions at various interfaces and contact scales have been studied, [9] [10] [11] [12] [13] [14] they do not represent the lubricity of mucus hydrogels. For instance, the lubricity of dilute mucin solutions are achieved mainly by the activity of mucins as boundary lubricant additives, i.e. adsorption onto moving surfaces from base stock (aqueous) solution and modification of the interface shear strength. Thus, its application as lubricant is limited to enclosed systems, e.g. bearings, in which fluid lubricants can be sealed. 11, 15 Meanwhile, an outstanding feature of mucus as a lubricant is, similar to grease lubricants, its ability to stay at the tribological interface as spread thin films, and it does not necessitate flooded immersion of the tribopair.
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The objective of this study is to generate various mucus models and characterize their lubricating properties, and compare them with native mucus, as thin films (thickness ≤ 1 mm prior to tribological experiments) at compliant contacts. Because of their wide availability and low cost, commercially available mucins are first candidates to construct mucus models in large volume. However, commercial mucins, e.g. porcine gastric mucin (PGM), have long been known to fail in replicating the rheological properties of native mucus by simply dissolving in aqueous solvents at the physiological or even higher concentrations. 16 This is ascribed to the fact that irreversible changes occur in the process of isolation and purification from native mucus and deteriorate the self-aggregating properties of mucins, which is essential to form mucus gels. 16 In order to overcome this drawback, we have employed mucoadhesive polymers, either poly(acrylic acid) (PAA) or branched poly(ethyleneimine) (b-PEI), as a "crosslinker". PAA is a representative mucoadhesive polymer that displays associative interaction with PGM mainly via hydrogen bonding as reported in previous studies. [17] [18] [19] [20] In addition, recent studies on the interaction between PGM and b-PEI have also shown associative interaction mainly via electrostatic attraction and improved lubricating properties in the dilute concentration regime (≤ 1 mg/mL in total concentration). 21, 22 An illustration of the chemical structure of PAA and b-PEI, as well as the interaction mechanism with PGM, is presented in It is hypothesized that the associative interaction between PGM and the two polyelectrolytes may be extended to the high concentration regime (ca. 50 -100 mg/mL in concentration). Ultimately, mucoadhesive polymers may assist recovering the rheological as well as tribological properties of mucus generated from commercially available mucins. High concentration solutions of neat (polymer-free) PGM or the polymer itself were also employed as references. In the characterization of lubricating properties of various mucus models, the correlation with their rheological properties was first investigated. Moreover, a number of interfacial and measurement properties, including wettability of the fluids on tribopairs, speed, load, and slide-to-role ratio, were 6 varied in order to fully characterize and understand the lubricating properties of mucus models.
II. EXPERIMENTAL

A. Mucin, Polymers and Model Mucus
PGM, b-PEI (Mw 25 000 Da), PAA (Mv 1 250 000 Da) were purchased from Sigma Aldrich (Brøndby, Denmark) and used as received from the manufacturer. Basic information on the structural and compositional characteristics of PGM can be found in literature. 23, 24 The model mucus samples were prepared by dissolving PGM and b-PEI or PAA in non-saline phosphate buffer (denoted as "PBS-0", where NaCl is excluded from standard PBS, pH 7.4) at a concentration of 100 mg/mL (wt. ratio 1:1 of PGM:b-PEI) or 59 mg/mL (wt. ratio 50:9 of PGM:PAA as in "biosimilar" mucus, 7 except that BSA and lipids were excluded), and they were denoted as PGM:b-PEI and PGM:PAA, respectively. The mixing ratios for the two PGM:polyelectrolyte mixtures were determined based on the optimization in previous studies for PGM:b-PEI 21, 22 and PGM:PAA, 7 respectively. Neat (unmixed) PGM and b-PEI (100 mg/mL) solutions were also employed for comparison, and denoted as PGM or b-PEI, respectively.
B. Preparation of Biological Porcine Gastric Mucus (PGMS)
A batch of crude mucus scrapes was obtained from a porcine stomach about an hour after slaughter. The stomach was dissected and rinsed with PBS containing 0.02% w/v sodium azide and 5 mM ethylene diamine tetra-acetic acid (EDTA) as the chelating agent, to remove any extraneous debris. Mucus was scraped from the epithelial surface of the stomach with plastic cell scrapers (Corning® Small Cell Scraper, NY). Care was taken to extract only mucus and avoid any contamination from the bile and/or excess food content. The crude mucus extracts were aliquoted on 50 mL centrifuge tubes and stored in a laboratory freezer (-26 °C) until further treatment. To this end, the frozen mucus samples were thawed on ice and mixed with equal volume of PBS (pH 7.4) containing 0.02% w/v sodium azide and 5 mM EDTA. The samples were gently stirred for an hour to obtain a homogenous mixture. Samples were then centrifuged at 10,000 rpm for 15 min. 25 The supernatants were discarded and the steps were repeated twice.
Finally, the insoluble mucus gels were re-suspended in PBS to the initial volume of mucus. Biological porcine gastric mucus samples are denoted as PGMS.
C. Shear and Oscillation Rheometry
Rheological properties of mucus samples were characterized with a controlled stress HAAKE™ MARS™ rheometer (Thermo Scientific Inc., Germany) using a serrated bottom and a serrated upper parallel-plate (diameter of 60 mm) and a gap of 1.0 mm. To avoid evaporation during the experiment, the sample edges were covered with silicone oil. The samples were loaded onto the rheometer sample plate at 37 °C and the frequency sweep in the linear viscoelastic region (0.1 to 150 rad/s) was carried out, keeping the temperature constant. Flow measurements were performed right after frequency sweeps also at 37 °C. Table 1 .
D. Tribopairs
Surface roughness of the discs and balls was characterized by acquiring rootmean-square roughness (Rq) from the tapping-mode AFM topographic images (100 µm × 100 µm area). Three different spots were characterized for statistical evaluation. The full list of the surface roughness of the tribopairs is shown in Table 1 . 
E. Mini-traction Machine (MTM)
A mini-traction machine (MTM) (MTM2, PCS Instruments, London, UK) with software version 3.2. 
III. RESULTS AND DISCUSSION
A. Rheological Properties 
. For most mucus samples, the loss moduli (G´´) are higher than the elastic moduli (G´),
indicating that viscous behavior is dominant over elastic behavior, except for PGM:PAA, where G´ dominates G´´. For all samples, both moduli increase with increasing angular velocity (ω) (or shear rate (͘ γ)). The G´ and G´´ of PGM:PAA are similar to those previously reported by Boegh et al. 7 It is most noticeable that G´ and G´´ of PGMS are very low and show a strong viscous character (G´ < G´´). in the jejunum and ileum, 32 and mammal mucus thickness h = 100 -200 µm in the jejunum. 33 Thus, the largest shear rates applied by rheometry in this study are probably much higher than in biological systems.
The rheological behavior of the mucus samples under shear flow is displayed in . In practice, however, two potential changes are envisioned. Firstly, upon initiation of circular rotation of the disc, the film thickness hinlet is expected to be reduced due to spin-off of the lubricants.
Secondly, shear thinning of the mucus samples, which is even more significant under tribological contact due to extremely high shear rates, renders the viscosity lower than the values measured in rheology tests (FIG. 2) .
While the lubricating film thickness can be readily modeled according to soft EHL theory as described above, it is not straightforward to verify the applicability to the present case because it is very challenging to determine the lubricating film thickness 
B-2. Wettability of the Tribopair Surfaces with Mucus Models
The degree of wetting is proportional to the affinity and bonding between the surface and lubricant. Good wetting favors no-slip condition, which is a requirement of Reynold's equation (from which Equation 1 is derived), and provides boundary lubrication due to the bonding forces. For all mucus samples, the contact angles on PDMS (hydrophobic with 20 mJ/m 2 surface tension) 39 were high (ca. 100°) and similar to that of PBS-0, with the exception of PGMS showing a somewhat lower contact angle of 83.2 ± 3.9°. These results imply that the mucus samples' surface tension is not lowered compared to neat water by the mucin or polymer content in the mucus models. This is similar to the behavior of some amphiphilic macromolecules in dilute solutions that do not lower the surface tension in contrast with small surfactant molecules. 40, 41 Mucin molecules form aggregates in the mucus samples, and thus their movement at the interface is not as feasible as in dilute solutions. Moreover, the rigidity generated for hydrogel-like mucus samples counteracts the spreading of the fluids.
The contact angles of the mucus samples on the 52100 steel surface were much lower (< 50°) than those on PDMS, which is attributed to its high surface energy after Given that the mechanical properties (contact pressure) of the steel-PDMS and PDMS-PDMS tribopairs are similar (Table 1) , drastically different lubricating properties of the model mucus fluids for the two interfaces can be attributed to the different surface hydrophilicity of steel vs PDMS pins. This has been well described in a number of previous tribological studies involving aqueous solutions, 43 and is also clearly manifested in much more effective lubrication of PBS-0 at steel-PDMS (FIG. 5a ) than at PDMS-PDMS interfaces (FIG. 5b) . Relatively less recognized to date is that thin film lubrication with hydrogels, such as mucus or mucus mimics considered in this study, is also influenced by surface hydrophilicity of the tribological interface in a similar manner.
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Even in the absence of a hydrodynamic lubrication mechanism, it is remarkable that only a thin layer of model mucus films of PGM:b-PEI on the surface (disc) provides equally effective lubrication as the flooded lubrication case for steel-PDMS interfaces (FIG. 5a) .
Firstly, this can be ascribed to the hydrophilicity of steel balls, which enables high affinity with hydrogels, and more effective retainment of the lubricating films at the tribological interface as mentioned above. But, it must also be noted that the difference in wettability by various mucus samples on the steel surface ( This relationship is also applicable to spin coating of a thin film. 46 The relationship between rheological properties of the mucus samples and film thickness (assuming that threshold depletion speed is a reflection of the film thickness) is, however, not straightforward in the present case, mainly due to strong shear-thinning effects of all mucus samples (FIG. 2) . This may explain why the deviation from the effective lubrication in the high-speed regime at 23 PDMS-PDMS interfaces, i.e. spin-off and depletion of lubricants, is not simply proportional to inverse viscosity.
Despite the relatively greater hydrophilic characteristics and generally effective lubrication, the hydrodynamic lubrication mechanism was not activated even at steel-PDMS interfaces, either thin film or flooded lubrication, as mentioned above. This is most probably because shear rates in tribological contacts were several orders of magnitude higher than those from rheological interfaces, 47, 48 due to a much smaller lubricating film thickness (h) (corresponding to 'gap' in rheometer), ͘ γ = (dx/dt)/dh ≈ u/h (Couette flow speed)/(gap height). Moreover, as all the fluids in this study show shearthinning properties, apparent viscosities at the tribological interfaces are likely to be much lower than observed in the rheological experiments, which retards the onset of hydrodynamic lubrication. Alternatively, very low viscosities in the hydrodynamic regime may afford so small viscous shear forces that they cannot be detected by the MTM instrument (µ < 0.008) and no apparent speed dependence is observed.
B-4. Experimentally Determined Friction Coefficients: Influence of Load and SRR
The lubricating properties of the model mucus fluids were further investigated under harsher tribological conditions, either by increasing load or SRR. Firstly, the load was increased from 5 N to 10 N, and then to 20 N, while SRR was maintained at 10%. As some of the model mucus fluids were centrifuged out from the PDMS-PDMS interface at high speeds (FIG. 5b) , the speed was reduced to 20 mm/s. The average µ values were fairly constant over the contact time of 600 s for most cases (FIG. 6 ). 
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IV. SUMMARY AND CONCLUSIONS
In this study, we have prepared model gastric mucus samples based on thin film highlights its potential as an effective mucus mimic, not only for its wellknown rheological similarities to PGMS but also for its lubricity.
